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and the straight sections, must be built. The general design of these cryomagnets is described.
than 10000 superconducting magnets, including the regular arcs, the dispersion suppressors
operate at a field of 8.36 T and the main quadrupoles at a gradient of 210 T/ m. In total, more
3 m magnetic length. To reach the nominal 7 TeV proton beam energy, the main dipoles will
be described, which comprises 1250 dipoles of 14.2 m magnetic length and 400 quadrupoles of
operating in superfluid helium at 1.9 K. The layout of the machine and of the magnets will
The collider consists mainly of a ring of twin-aperture high field superconducting magnets
for high energy collisions in the multi~TeV range of p-p, heavy ions and e-p particle beams.
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straight section. The option to feed the LHC from the four even access points is being studied now in detail, due to its
straight section. The octant spans from mid-arc to mid-arc with services feeding it from the pit at the centre of the long
them 1.7 km long and made up of a long arc with a mean radius of 3.5 km, followed by the dispersion suppressor and a long
revolution time to allow to convert them later into an e-p collider. The LHC, like LEP, is made of 16 half-octants, each of
The two interlaced LHC rings follow very closely the LEP geometry, in particular both machines must have the same
2. LHC LAYOUT AND LATTICE
great care required in the construction of the force-retaining structure to prevent premature quenches.
motions. Considering further the high forces and the high stored electromagnetic energy, proportional to B2, underline the
magnets become thus more sensitive to quasi-adiabatic heat development and propagation in the conductors caused by sudden
of magnitude with respect to the ones at 4.2 K, inducing higher and faster temperature rises for a given heat deposition. The
parameters [6]. On the other hand, at 1.9 K, the thermal capacity of materials and of the cables are reduced by about an order
insulated cables cooled by superfluid helium have been carried out at CEN, Saclay, (F), in view of optimizing the insulation
margin of the cable, which is 1.2 K at 8.65 T for the inner layer. Experiments studying heat transport of different types of
beam losses and also to ramping and resistive losses is to be conducted away to the cold source within a limited temperature
porosities, thus permeating and cooling the conductor. By this mechanism heat dissipated in the conductor due mainly to
1 bar [5]. The benefits of the superfluid helium are its very large heat conductivity and ability to penetrate through insulation
The LHC magnets use N'bTi superconductors operating in a static bath of superfluid helium at 1.9 K pressurized at
economic solution. [4]. A perspective view of the "two-in·one" dipole is shown in Fig. 1.
Brookhaven National Laboratory for fields up to 5 T at 4.2 K, results in smaller cross-sectional dimensions and more
structure, incorporating the two beam channels in the same yoke and cryostat. Such a configuration, first studied at
compatible with the cross-sectional dimensions of the existing LEP tunnel, they are designed of the so-called "two-in-one"
rotating beams circulate in two separate, horizontally spaced, magnetic channels. To achieve compact high field magnets,
The layout of the LHC consists, as for LEP, of eight arcs separated by so·ca1led long straight sections. The two counter
level, where the beams are more sensitive to perturbations like those coming from persistent currents.
cycling classical accelerators, the LHC can be filled in a relatively short time of about 7 min, reducing the time at injection
the required characteristics with only a few additions to the present installations. Since the injector chain is composed of fast
An important asset of the LHC is that the existing accelerator infrastructure of CERN will provide the injection beams with
332Stored beam ener
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The main parameters of the LHC for p-p collisions are given in Table I.
and a base-line design report was published in November 1993 [3].
27 km of the LEP timnel at CERN. The general design of this machine has been reported in several conference papers [1], [2],
The CERN Large Hadron Collider essentially consists of a ring of high field superconducting magnets installed in the
1. INTRODUCTION
reached the present nominal field without training quenches, showing that accelerator operation at that field is at hand.
CERN with industrially made coils reached an ultimate field of 10.5 T and of the 10 m long industry made dipoles, the first
and prototype work, together with the results achieved so far are presented Among the short dipole models, one assembled at
suppressors and the straight sections, must be built. The general design of these cryomagnets is described. Also the model
gradient of 210 T/m. In total, more than 10000 superconducting magnets, including the regular arcs, the dispersion
the nominal 7 TeV proton beam energy, the main dipoles will operate at a field of 8.36 T and the main quadrupoles at a
described, which comprises 1250 dipoles of 14.2 m magnetic length and 400 quadrupoles of 3 m magnetic length. To reach
field superconducting magnets operating in superfluid helium at 1.9 K. The layout of the machine and of the magnets will be
the multi-TeV range of p-p, heavy ions and e-p particle beams. The collider consists mainly of a ring of twin-aperture high
The LHC is a superconducting accelerator-collider to be installed in the LEP tunnel at CERN for high energy collisions in
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is placed between the insulated coils and the collars to protect the insulation during collaring and bridge the gaps between the
The ground insulation is composed of several layers of polyimide film and includes protection heater strips. A metallic sheet
with the new somewhat thinner conductor. Both layers are separated by a spacer with channels to ensure helium circulation.
The field distribution was optimized with a coil made of 5 blocks, instead of 6, thanks to the fmer discretization of tums
polyimide film and the insulation tested on a short magnet of l m and a long magnet of 10 m.
impregnated with b-stage epoxy spaced by 2 mm. As an altemative, this latter layer will be replaced by an adhesive coated
The conductor insulation is made up of two layers of half overlapped polyimide film, followed by a wrap of glass fibre
of the copper RRR in the outer layer. A follow-up programme is established in collaboration with the US laboratories.
delivered to CERN. The parameters which could vary in the long term are the amount of Cu in the strands and a betrer control
at 3 o' below the average value obtained previously. Strand and cables of the new design have already been ordered and
based on the previous experience of fabricating about 15 tons of 17 mm wide cable. The critical current densities indicated are
and protection considerations. The main parameters of the new cables are listed in Table HI. The present characteristics are
layers to obtain the desired grading of current density. The Cu/Sc ratio is different in both strands and chosen from stability
The coil is made in two layers. The cable width is reduced from 17 mm to 15 mm, with different thickness in the two
production and more economic.
requirements of increased apemire and lower operational field, and to make the construction simpler, better adapted to series
With respect to the previous design, a certain number of changes have been introduced in the dipole design to match the
previous design is shown for comparison in Fig. 4.
launched, as explained in Section 4.1. The cross-section of the already built and tested 10 m dipoles of 50 mm aperture of the
parameters are listed in Table H and a cross-section is shown in Fig. 3. The fabrication of magnets of this design is now
Based on existing experience and on the given set of requirements, a new design was worked out, of which the main
Distance between the axes of the apertures of 180 mm.
Coil inner diameter of 56 mm.
Magnetic length of 14.2 m.
- Operational field of 8.36 T.
3.1.1 Design features: the design of the dipoles has to meet the following basic requirements:
3.1 Main dipole magnets
and parameters of the magnets are outlined below.
The total mass to be kept at 1.8-1.9 K is 30000 tons covering about 24 km of the circumference of LEP. The main features
The LHC magnets represent a total of about 1400 tons of conductor of which 400 tons of high homogeneity NbTi alloy.
3. THE CRYOMAGNETS
per octant
Fig 1. Perspective View of the ··tWO_in_Onc·· dipole Fig. 2: Schematic layout of the LHC half-cell with 23 periods
- 0 —: Local Sextupole or Decapole Corrector
BPM: Beam Position Monitor
MSB: Combined sextupole and dipole corrector
MQSC: Skew quadrupole MQC: Landau octupole
Dipole magnet MQ: Lattice quadmpoles
MBMBMBWEE
14.20 S14.20 14.20E ze
53.239
has been reduced by enlarging the inner coil diameter from the previous 50 mm to 56 mm.
compensate in situ the tield errors introduced by the main magnets. The effect of these Held errors on the dynamic aperture
and the cryogenic service module. Attached to each main dipole are one small sextupole and one small decapole corrector to
corrector magnets one being either a skew quadrupole or an octupole, the other a combined sextupole/dipole, a beam monitor
short straight section includes the 3 m long main quadrupole working at a gradient of 210 T/m for 90° phase advance, two
section about 6 m long. The dipole length is stretched to 14.2 m and the nominal Held is 8.36 T for a 7 TeV proton beam. The
The schematic layout of the new regular half-cell is shown in Fig. 2 and includes three long dipoles and one short suaight
of the main quadrupoles separate from that of the dipoles, thus enabling to suppress the timing quadrupoles.
maximum dipole occupancy in the arcs and cost, the regular lattice is now based on 23 cells per half octant with the powering
As a result of funhcr optimization of thc machine from the point of vicw of beam stability, operational reliability,
Axial e-magnetic force on magnet ends 0.52 at 9 T. 1.9 K OCR Output 2 12880
at 10 T, 1.9 K 2 13750outer layer XFY (· 0.60 MN/m) - 8.5
Critical current (A)inner layer ZFY (- 0.14 MN/m) — 2.0
Transposition pitch (mm) 110fust coil quadrant 2,Fx (1.70 MN/m) 24.0 100
Resultant of e-magnetic forces in the thin/thick edge (mm) 1.72/2.06 1.34/1.60
mH width (mm)Self-inductance for both channels 119 15.0 15.0
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31Overall mass of cryomagnet 28Number of strands 36
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of resistive barriers are under invesdgation. Measured values with SnAg5% coated strands range from 1.5 to 8 p.Q.
injection with an interstrand contact resistance between 6 and 10 p£2. A number of strand coatings of different materials and
dipole ends. Current sharing among the strands distorts the magnetic field during ramping. ’I'his eiect would be acceptable at
(~0.56 T) are shown in Fig. 6. The latter errors will be corrected with small sextupole and decapole magnets placed at the
computed sextupole and decapole errors due to persistent currents (- 3.6 x 10*4 and 0.2 x 10*4 respectively) at injection field
3.1.3 Field distribution. Calculated field errors arising from the magnet geometry, iron saturation and including the
helium circulating in a heat exchanger tube installed in a 55 mm diameter hole placed above the axis of the iron yoke.
interconnection pipes between magnets. The cold mass hlled with superfluid helium is cooled by two—phase low pressure
cylinder as outer shell and of the vacuum chamber as inner wall, closed at both ends by welded covers carrying the
limit the heat influx into the 1.9 K cold mass [7]. The helium tank, which encloses the cold mass, is made of the shrinhng
3.1.2 Cryostat and cooling. The cryostat (Fig. 5) has two layers of thermal insulation at 50 and 4.5 K to intercept and
the assembly by the welded shrinking cylinder.
outer shrinking cylinder. To match the curvature of the beams, the dipoles will be curved with a radius of 2700 m, locked into
the collars in pairs. The yoke, made in two parts, is vertically split, and held together by two welded half shells forming the
injection and collision tield level. These inserts, which have twice the thickness of the collars, are also used to clamp firmly
parts, they are of the so—cal1ed racetrack shape and include a magnetic iron insert to maintain the field unifomiity between
The collars are in high strength aluminium alloy 3 mm thick and common to both apertures. To reduce the number of yoke
Fig. 3: Dipole cross—secti0n of thc new design (0 56 mm) Fig. 4: Cross·secti0n of tested 10 m dipole (¢ 50 mm)
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Fig. 5: Cross-section of LHC dipole and cryostat OCR Output
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but included also other magnets and related items.
participation of industrial firms was mainly focused on standard-cell components, in particular on the dipole and quadrupole,
The programme, undertaken by CERN in collaboration with national institutes and universities and with an important
4. R & D Przocnmvuvm
quadrupoles.
this respect, the experience gained with the prototype tuning quadrupole is directly applicable for the trim and skew
has been worked out and for the more critical of them, models and prototypes have been made and tested [11], [12], [13]. In
quadrupoles of the insertions, skew quadrupoles, octupoles, sextupoles and decapoles. For all these magnets a reliable design
A large number of correction magnets are required: trim quadmpoles needed to tune the series connected lattice type
3.4 Other magnets
aperture of 70 mm.
regular lattice of the machine, however some of the 192 skew quadrupoles and of the correction dipoles will need an increased
dipole correction magnets and special dipoles for the dump insertion. Most of these elements are of the same type as for the
Additional magnets needed in the long straight sections include beam separation/recombination dipoles, skew quadrupoles,
two-m-one version.
5.5 m long magnet modules used in the irmer focusing niplets [10], whereas in the other insertions these quadmpoles are in the
combination of high and low current density coil blocks. In the experimental insertions these quadrupoles are single aperture
LHC performance. A novel design is used to obtain the 250 T/m at 1.9 K with NbTi cables, consisting in a suitable
different lengths. The other ones have an enlarged aperture of 70 mm to ensure a field quality compatible with the required
Of the 166 special quadrupoles in the insertion regions, 114 are of the lattice quadrupole cross-section, but of three
3.3 Insertion magnets
in a common iron yoke, sdffened by an outside rigid tube, in a similar "two-in-one" coniigtuation as the dipoles.
outer layer is used. The collars are in austenitic steel and sustain the full electromagnetic forces. Both quadrupoles are placed
cable, thus avoiding interlayer splices and the related ohmic losses. The same cable, (or at least strands) as for the dipole coil
features are very similar to the already made prototypes [9]. The two layer coil is wound in the pancake style from the same
The main quadrupoles are designed for a gradient of 220 T/m and for a magnetic length of 3.0 m. Their construcuonal
3.2 Main lattice quadrupoles
quench detection is needed to fire snip heaters which will spread the quench over the full volume of the magnet.
dipoles (500 kJ/m) coupled to the relatively low natural quench propagation speed in the cables (10 to 20 m/s), a sensitive
if annealed by carrier injection and occasionally warmed-up to room temperature. Due to the large stored energy of the
installed in the cold mass, will be of the thin base epitaxial design, tested to be radiation resistant, with a prolonged service life
the current to by-pass a quenching magnet, while the still superconducting magnets are rapidly de·excited. The diodes,
3.1.4 Quench protecnkm. The quench protection system [8] is based on the so—ca11ed "cold diode" concept, which allows
the string will be an important milestone and will allow to check out primary systems in realistic and tunnel type conditions. OCR Output
with additional dipole magnets is now being cooled in view of tests which are to be representative of LHC operation. Testing
installed on a 1.4% slope, which is the maximum encountered in the LEP tunnel. This string which will be later completed
the first two 10 m dipoles were connected in series and attached to a cryogenic and electric feed box. Ihe elements are
cold mass, the cryogenic service module and the full cryostat was successfully assembled at CERN. This unit together with '‘
A short straight section prototype, including one of the lattice quadrupole prototypes built at CEN, Saclay, a full length
5. THE srrzmc rrzsr
pieces for the main dipoles and one superferric octupole corrector.
model, 1 m long, for the low-beta insertions, to be completed and tested soon [21], one sextupole and one decapole spool
RAL and at 1.8 K at CERN. At present, there are under construction in industry a single-aperture (¢ 70 mm) quadrupole
A prototype combined dipole/sextupole corrector (1.5 T, 8000 T/mz) has been built and tested with success at 4.5 K at
at 1. K.consgruction. A prototype tuning quadrupole (120 T/m, 0.8 m long) has been built in industry and successfully tested at CERN
Several models and prototypes of correction elements have already been successfully built, and others are under
for the two magnets after very few training quenches (Fig. 8).
constructed and tested at CEN, Saclay (F) in the frame of a CERN -CEN Collaboration [20]. The design gradient was reached
4.1.4 Quadrupoles and other magnets. Two full size quadrupoles of 56 mm aperture and 3 m length have been designed,
within the next two years, and are to be representative of the final design for the LHC.
collared coils and other components have already been ordered to industry. These new long magnets should be completed
The design of the 56 mm aperture magnets of the new cross-section is at an advanced stage, and 10 m and 14 m long
The other three 10 m long magnets will be delivered to CERN in the coming months.
worked satisfactorily and the maximum temperatures and voltages were as expected.
negligible amount, further in both the relative alignment of the B vector is bet1er than 0.2 mrad. The quench protection system
parallelism of the B vector was measured in both units: the first magnet exhibits some torsion (~ 10 mrad), the second a
in both magnets and showed that the multipole errors were close to the expected values in both apertures. The orientation and
models [19]. ln both magnets, no quench occurred in the regular straight part of the coils. The field distribution was measured
exceeding 9 T after a few quenches. All quenches occurred in the coil ends and nearby regions similarly as in the short
voluntarily at 9.6 T. The first quench of the second magnet, which had less performant cables, was at 8.3 T. It reached a field
The first quench was at 8.67 T and the magnet did not retrain after a thermal cycle to room temperature. Training was stopped
successfully passed the test and measurement campaign. The quench behaviour of the first magnet [18] is shown in Fig. 7.
first four have been delivered. The first two, funded by the "lstituto Nazionale di Fisica Nucleare" (INFN), Italy, have
Of the seven 10 m long dipoles (50 mm aperture, 17 mm wide cable) of twin-aperture st:ructure ordered in industry, the
1.8 K in five training quenches.
aperture HERA dipoles, thus validating the twin-aperture concept, and thereafter reached the short sample field of 8.3 T at
in a twin-aperture structure [17], successfully went to short sample field at 4.2 K showing the same behaviour as the single
4.1.3 Ten metre long magnets. A first 10 m long magnet (TAP), made with HERA-type coils of 75 mm aperture mounted
special 16.7 mm graded cables (BSS = 10 T at 1.9 K) is planned end 1994 for the first and beginning 1995 for the second.
and testing of two twin-aperture magnets of 56 mm aperture, one using SSCL cables (Bs, = 9.4 T at 1.9 K) and the other
the final design are being wotmd and the main components and tooling for assembly are on order. In parallel, the completion
confmement in the ramp and splice region, cable insulation variants, axial compaction and compression of coil heads. Coils of
made of the new 15 mm wide cable in view of optimizing parameters like shape and material of head spacers, conductor
with short models. The programme at CERN foresees the construction of several single and twin-aperture models with coils
models. Improvements in the performance of these critical regions in the final magnets can therefore be conveniently studied
The behaviour observed in the 10 m long magnets described below is the same or very similar to that observed in short
quenches were in the ends or in the splice region between inner and outer layer.
sample field of 10.5 T. In this magnet, which was designed and assembled with high pre-compression in the coils, all training
model, assembled at CERN using industry made coils wound from a better performing last generation cable, reached the short
end regions, where the field is lower than in the straight part, but conductor clamping less well controlled. The most recent
a relatively large number of training quenches, mainly above 9.5 T. Most of the quenches in these magnets occurred in the
at 4.2 K, but showing training behaviour at 1.8 K [16]. The ultimate field (between 9.7 and 10 T) was generally obtained after
tested [15]. Generally, these models have behaved in a very similar way, achieving short sample field with little or no training
unsoldered, partially soldered and soldered), collar type and material, yoke structure and outer retaining cylinder were
been made and tested [14]. Eight of these magnets had a short sample field around 10 T. Different variants in conductors (e.g.
4.1.2 Model magnets. Ten models, 1.3 m long (4 single-aperture units and 6 twin-aperture units) of 50 mm aperture have
main technical requirements giving confidence that the required quality can be maintained in mass production.
24 km for the inner layer (26 strands of ¢ 1.29 mm) and 42 km for the outer layer (40 strands of ¢ 0.84 mm) and satisfies all
4.1.1 Superconducting cable. The total amount of 17 mm cable developed and fabricated by tive European companies is
magnets.
The R & D effort covers the superconducting cables, the single and twin-aperture model magnets and the 10 m long
4.1 Dipoles
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industry of full length collared coil assemblies and complete magnets of the new design.
The second phase of the R & D programme has already started with the construction in CERN of short models and in
industrial fabrication of magnets with correct Held quality is feasible.
The successful behaviour of the recently tested two 10 m long dipole magnets confmn that the design is sound and that
needed for the required LHC performance.
one configuration of main dipoles and quadrupoles, the operation in superfluid helium at 1.9 K, and the high Held levels
The fundamental technical choices for the consuuction of the LHC magnets have been validated, in pardcular: the two-in
6. CoNcLus1oNs
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